Objective The BD Odon Device TM is a new instrument for operative vaginal birth with potential for preventing maternal, fetal and newborn morbidity/mortality during a complicated second stage of labour. The device is a plastic sleeve with an air chamber inflated around the baby's head which is gently pulled through the birth canal. The aim was to monitor changes in cerebral circulation during constriction of the neck to evaluate a risk of potential malposition of the device.
Introduction
The BD Odon device is an innovative instrument, under development by Becton Dickinson (BD), for assisted vaginal birth with the possibility for preventing maternal, fetal and newborn deaths due to complicated/prolonged second stage of labour. The device consists of a plastic sleeve with an air chamber cuff that is inflated around the baby's head to gently pull the head through the birth canal ( Figure 1 ). [1] [2] [3] A concern was that the device could be introduced too high in the birth canal and as a result displaced with the air chamber around the neck instead of the head of the baby. Consequently, during inflation, the cuff could compress the vessels of the neck and compromise brain perfusion. Simulated studies indicated this risk to be extremely unlikely; nevertheless, we aimed to evaluate the worst possible consequences.
To achieve this objective, we used a newborn piglet animal model, which is an often used, well accepted model to study the pathophysiological changes at birth and especially perinatal hypoxic ischaemic encephalopathy (HIE). [4] [5] [6] [7] The piglet resembles the newborn baby in many ways and has a similar cerebral vascular anatomy. 8 Cerebral perfusion may be assessed by different imaging techniques such as computed tomography, magnetic resonance imaging and positron emission tomography. 9 Ultrasonography is a fast, inexpensive, transportable real-time technique with high-resolution images, for bedside use. Grey-scale images, colour-and spectral Doppler are traditionally used to visualise and assess vascular flow. Contrastenhanced ultrasound (CEUS) is a newer technique where a solution of microbubbles is injected intravenously during scanning of an organ. The second-generation ultrasound contrast agents (CA) have created new possibilities for non-invasive quantification of tissue perfusion. Sulphur hexafluoride (SonoVue, Bracco S.P.A., Milan, Italy) is widely used for organ perfusion evaluation (liver, kidneys, brain) in adults. [10] [11] [12] [13] Sulphur hexafluoride has recently been approved for paediatric use in USA, but not yet in Europe. There are several reports of safe use in paediatrics, in the emergency setting and in experimental animal studies in piglets quantifying renal and cerebral perfusion during hypoxia and resuscitation. [14] [15] [16] [17] [18] [19] The aim of this study was to evaluate semiquantitatively the changes in cerebral perfusion with transcranial CEUS in the simulated case of a complicated/ prolonged second stage of labour, using a hypoxic newborn piglet model. Cerebral circulation was monitored during neck compression mimicking a displaced Odon Device air chamber inflated around the neck instead of the head.
Methods

Anaesthesia and surgical preparation
Twelve newborn Noroc (LYxLD) piglets were included in the study, inclusion criteria being 12-36 hours of age, Hb >5 g/dl and good general condition. The piglets were gently moved from the transport incubator, an ear vein was cannulated and pentobarbital sodium 20 mg/kg and fentanyl 50 lg/kg was given as i.v. bolus injections. Anaesthesia and analgesia were maintained by continuous infusion of fentanyl (50 lg/kg/hour) and Salidex 10 ml/kg/ hour throughout the procedure. The piglets were orally intubated, ventilated on a Babylog 8000 and surgically prepared. The right femoral artery was cannulated with polyethylene catheters (Porex PE-50, inner diameter 0.58 mm; Porex Ltd, Hythe, Kent, UK) and a superficial ventral vein with FlowSwitch (20G/1.10 9 45 mm. BD Faraday Road, Swindon, UK)
Experimental model
After 1 hour of stabilisation, piglets were subjected to global hypoxia using FiO 2 0.08 in N 2 (AGA, Oslo, Norway) until base excess (BE) reached À20 mmol/l or mean arterial blood pressure (MABP) decreased to 20 mmHg followed by reoxygenation with FiO 2 0.21. At reoxygenation, a specially designed air chamber cuff without the plastic sleeve was immediately applied tightly around the neck and inflated to 300 mmHg ( Figure 2 ). The piglets were randomised into three different groups: 10 minutes (n = 5), 5 minutes (n = 5) or 2 minutes (n = 2) of occlusion with the inflated cuff.
To evaluate the effect on cerebral perfusion, CEUS was performed at four time points; (1) at the end of stabilisation, (2) at the end of hypoxia, (3) during neck occlusion with the cuff, and (4) 5 minutes after cuff deflation. The piglets randomized to the 2-minute occlusion had a supplementary triple occlusion for 2 minutes with a 2-minute deflation in between. There was an additional fifth CEUS exam 5 minutes after this intervention.
One hour after cuff occlusion, the animals were euthanised. 
Ultrasonography with CEUS
Evaluation with ultrasound was performed as described in a previous study. 15 Transcranial US with CEUS was performed using Acuson Sequoia 512 (Siemens, Erlangen, Germany) with a curved linear transducer (4V1S, 1-4 MHz). Piglets were placed in a prone position with the head stabilised throughout the experiment. Cerebral US scanning was performed in a midline coronal plane, at the level of the basal ganglia (BG) and the internal carotid arteries (ICA). At each time point, native B-mode followed by spectral-and colour Doppler were performed to verify the position and the absence of colour Doppler flow in the ICA and intracranially during cuff occlusion.
CEUS
The ultrasound equipment was switched to Cadence TM contrast pulse sequencing (1.5 MHz), frame rate = 17 Hz, transmission power MI = 0.16, and insonation depth = 60 mm. SonoVue 0.2 ml (0.03 mg/kg bodyweight) was injected as a bolus by hand (at 2 ml/second) in the internal jugular vein followed by 2 ml saline solution. A 10-second image sequence was stored digitally.
CEUS analysis
Perfusion analyses first were performed online, with Axius contrast quantification (Siemens) by manual tracing the regions of interest (ROI): in the ICA, BG and parasagittal cortex in both hemispheres and one ROI of the whole brain. The data sets for the time intensity curves (TIC) for the different regions were then analysed offline, with a dedicated software nordicICE (NordicNeuroLab, Bergen, Norway) ( Figure 3 ).
TICs were analysed for time to peak (TTP), peak intensity (PI), the upslope, mean transit time (MTT) and area under the curve (AUC), raw and with gamma variate fit ( Figure 3B ). The gamma variate fit was included to reduce sensitivity to noise, as the TICs were in most cases found to be well described using this function. PI was obtained as the maximum value of pixel intensity during the first pass and TTP as the time from arrival of the CA in the ROI to the time of PI. The upslope was assessed from the slope between arrival of CA and the PI. AUC was obtained as area under the curve corresponding to arrival of CA in the ROI and the end of first-pass. As SonoVue is an intravascular tracer and administered with a short bolus, relative cerebral blood volume (rCBV) can be estimated from the AUC of the first-pass TIC and relative cerebral blood flow (rCBF) from the PI of the TIC. Finally, MTT was acquired as the ratio AUC/PI (rCBV/rCBF). [20] [21] [22] The parameters were recorded for the different ROIs at four time points as described above.
Statistical analysis
The values of MABP, heart rate (HR), pH, BE and lactate in the three groups were tested and compared by assessing differences between baseline, hypoxia, cuff occlusion and recovery with one-way ANOVA with the post-hoc Tuckey method.
The perfusion changes were evaluated with CEUS for the piglets as a group depending on the time of neck occlusion. The mean pixel values from the ROIs in the BG, parasagittal cortex and the whole brain at baseline were compared for time points 1-4 (the fifth CEUS was excluded, as only one piglet had this examination). The difference between mean values at each time point for the piglets as a group was evaluated using linear mixed model and Kruskal-Wallis H-test. Significance level was set to P < 0.05.
Statistical analysis was performed using SPSS 21 (Apache Software Foundation, Chicago, IL, USA). 
Patient involvement
Patients were not involved in the design or funding of this study.
Results
The background data assessing weight, gender, hypoxia time and Hb as well as pH, BE, HR, MABP and lactate through the study, are shown in Table 1 .
The piglets were exposed to severe hypoxia and some degree of ischaemia due to a drop in MABP. Physiologic variables were comparable in the three groups with different durations of constriction throughout the study.
CEUS
The perfusion curves derived from each ROI ( Figure 3A) show the wash-in and wash-out of the CA for each ROI ( Figure 3B) .
Perfusion parameters in all ROIs showed a slight increase in perfusion with a rise in PI, TTP, MTT and AUC at the end of hypoxia followed by a decrease in PI, upslope and AUCraw during occlusion, whereas TTP, MTT and AUCgamma increased. These changes were more pronounced in the cortex than in the basal ganglia (Tables 2-4, Figure 4 ). For PI, there was a 40-45% reduction of values from end HI to occlusion in the cortex comapred with a 20-25% reduction in the basal ganglia. However, large standard deviations were observed and for most parameters, the alterations in perfusion were mostly not statistically significant between the groups. In the cortex, however, MTT and AUCraw revealed a significant difference over time as compared to other parameters (P = 0.000 and 0.003). There was no significant difference between the groups at specific time points and different occlusion times, but there was a trend towards a more marked decrease in perfusion during occlusion in the 10-minute group. After deflation, perfusion returned rapidly towards baseline values (Tables 2-4 , Figure 4) . In two piglets with the triple occlusion 2 + 2 + 2 minutes with a 2-minute deflation in between, CEUS at 5 minutes after the last occlusion showed similar values to the previous CEUS at time point 4. During occlusion, perfusion in the ICA was detectable with CEUS but reduced, and this even though no visual flow was seen with US spectral-and colour Doppler. In this situation, colour Doppler flow became visible in the basilar artery with increased CEUS perfusion.
Discussion
We performed an experimental study with an air cuff causing neck occlusion in a well established newborn piglet model for hypoxic ischaemic (HI) injury. This particular Figure 4 . Evolution of peak intensity (PI) (above) and upslope (below) (with standard error of the mean) over the four time points in the basal ganglia and parasagittal cortex in the three groups 2, 5 and 10-minute cuff occlusion and all piglets. The 2-minute group also had a fifth CEUS after a triple occlusion of 2 minutes.
animal model was chosen to mimic a worst-case scenario situation in a delivery with severe fetal hypoxia in a prolonged second stage of labour, when the BD Odon Device would be applied for an assisted vaginal delivery. Our experiment investigates the consequences of a possible malposition of the device too high in the birth canal, compressing the neck vessels. By performing transcranial CEUS, we monitored alterations in cerebral microcirculation at baseline and throughout the experiment. Our main findings revealed that a total occlusion of the common carotid arteries was impossible to achieve despite a considerable pressure to the neck (manometer inflated to 300 mmHg) and apparent absence of flow as assessed by US Doppler. The carotid arteries, in addition to the basilar and vertebral arteries and the collateral vessels, could assure a persistent but decreased level of intracranial cerebral perfusion. There was a slight increase in most perfusion parameters at end hypoxia followed by a decrease during occlusion that was most pronounced in the 10-minute group. All perfusion parameters returned towards baseline values rapidly 5 minutes after end of occlusion, independent of the length of occlusion.
Immediately at the start of reoxygenation, both MABP and HR increased and continued to increase during or immediately after the constriction produced by the inflated air cuff.
Strengths and limitations
The piglet model is a well-known and accepted animal model to study the pathophysiology of HI injury of term infants. They have the same size and brain maturation as newborn babies and a comparable genetic diversity. 23 Piglets have a similar haemodynamic and heterogeneous response to perinatal asphyxia, mainly due to different intrauterine conditions predisposing some piglets to be more resistant or vulnerable to hypoxia. The cerebral vascular anatomy is similar to that of a newborn baby but the extracranial collateral vascular network is more developed.
Cerebral perfusion in hypoxia and neck occlusion Compared with our previous experience studying cerebral perfusion with CEUS during hypoxia and resuscitation without neck occlusion, findings were similar, with an increase in perfusion during hypoxia followed by a decrease at reoxygenation. 15 In the present study, we induced a more severe hypoxia before reoxygenation was started and the device was inflated. Nonetheless, perfusion returned towards baseline values shortly after decompression of the air cuff.
Even though there was no visible spectral-or colour Doppler signal in the ICA and parenchyma, CEUS revealed that cerebral microcirculation was reduced but never completely inhibited. Perfusion showed inter-animal and group variability but was mainly reduced to baseline values or just below during occlusion. This was more pronounced in the cortex than in BG.
These findings mean that collateral circulation via the basilar and vertebral arteries, the 'rete mirabile' is well developed and is used as an alternative pathway during neck occlusion. This is in accordance with previous studies showing that piglets have a well developed intra-and extracranial collateral circulation, between the hemispheres and the carotid and vertebral arteries. 24 Earlier angiographic piglet studies have shown that vertebral arteries may supply a substantial percentage of the CBF in piglets with large inter-animal variations and that ligation of the arteries produces an unpredictable degree of ischaemia. 8 In humans, the vertebral arteries account for around 15% of CBF. The exact percentage for piglets is not known. 24 In our study, the cuff around the neck caused compression of the carotid arteries and other extracranial arterial collaterals and veins. This could explain the overall slightly reduced perfusion during occlusion, with decreased values of PI corresponding to rCBF. We also found an increase of AUCgamma corresponding to rCBV and MTT during occlusion and this might be due to an intracranial venous stasis of blood.
In an experimental piglet study, Domoki et al. 25 studied cerebrocortical perfusion with laser speckle imaging in different hypoxic ischaemic models including bilateral carotid occlusion (BCO). Interestingly, they found no decrease in cortical perfusion during normoxia or hypoxia combined with BCO and only asphyxia (with arrested ventilation) induced severe cortical ischaemia. However, the study only included seven piglets and must be interpreted as indicative. Again, our results with decrease in PI/upslope during occlusion may be due to compression/occlusion of all neck vessels and not only BCO. In addition, CEUS was performed minutes after hypoxia but during normoxia. At the end of severe hypoxia, hyperperfusion with increased PI and TTP was found and might have masked a more pronounced perfusion decrease during the short time of occlusion.
There is also a concern that our selected model with a severe hypoxia (pH 6.85-6.9 AE 0.5) could mask the effect of cuff occlusion due to compression of baroreceptors in the carotid arteries. However, the rapid restoration of perfusion changes and the rapid response, with MABP increase during occlusion and the recovery as seen in other piglet studies, speak against this theory. In addition, according to Domoki et al. 25 , hypoxia with BCO does not cause decrease in cortical perfusion and an injury is thereby less likely.
One important limitation is the small study groups of different occlusion times with the cuff and that the piglets, as human babies, respond heterogeneously to hypoxia. This is illustrated by the at times large standard deviation in the values of the perfusion parameters overlapping in the three groups. Another possible cause of variable perfusion values is the manual bolus injection of CA, which could influence the TICs in the different ROIs. However, care was taken to inject with a similar injection rate of 2 ml/second each time and the injections only were performed by two trained persons.
In this pilot study, we considered using a control group but decided to concentrate on simulating a clinical setting with severe hypoxia and the use of a displaced BD Odon Device. In our previous experience only small fluctuations in cerebral perfusion with CEUS have been seen in the control piglets throughout the experiment. 15 The strong trends in perfusion changes in this study and in particular the only moderate perfusion decrease during cuff occlusion, was considered sufficient to accomplish the specific purpose of the study. It was regarded unethical to perform additional experiments in control subjects.
Due to the short duration of our experiments, no longterm follow up with histopathological examination of the brains was performed. After exposure to severe hypoxia, we expect the majority of the piglets to present with brain injury of variable severity. However, to differentiate histologically a brain injury caused by HI from a superimposed irreversible injury caused by neck compression, would be impossible. In light of Domoki et al.'s experience with normoxia/hypoxia combined with BCO showing no reduction in cortical perfusion, a brief neck occlusion is less likely to cause cerebral injury.
Conclusion
This pilot study used a newborn piglet model to simulate the potential harmful effects of a malposition of the BD Odon Device during a complicated birth. After exposure to hypoxia, the air chamber around the neck introduced considerable pressure on the neck vessels. CEUS revealed that the occlusion did not inhibit cerebral perfusion but did cause a transient decrease, with rapid restoration of haemodynamics and brain circulation after decompression. The recovery was comparable to previous studies in hypoxic piglets without occlusion.
